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Folate and Breast Cancer: Role of Intake, Blood Levels, and Metabolic Gene Polymorphisms.

INTRODUCTION

Folate, a B vitamin found naturally in many food sources particularly in dark green leafy vegetables, is
essential for regenerating methionine, the methyl donor for DNA methylation, and for producing the purines
and pyrimidine thymidylate required for DNA synthesis and repair. Evidence for its potential role in
carcinogenesis is encouraging. Several genes involved in the metabolism of folate have known
polymorphisms and the combined effect of these polymorphisms with folate intake may affect breast cancer
risk. MTHFR irreversibly converts 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, which provides
the methyl group for the de novo methionine synthesis and DNA methylation. Two common polymorphisms in
the MTHFR gene have been identified both of which result in decreased MTHFR activity (C677T, A1298C).
Methionine synthase, a vitamin B12-dependent enzyme that converts homocysteine to methionine by the
transfer of a methyl group from 5-methyltetrahydrofolate, is encoded by the MTR gene and a polymorphism
has been identified (A2756G). Methionine synthase reductase reductively activates methionine synthase from
its inert to reactive form. The gene, MTRR, has been identified along with a polymorphism (A66G). MTHFR
and MTR polymorphisms have been associated with reduced colorectal cancer risk. A small hospital-based
case-control study found an increased risk with MTHFR 677T and no association with MTR, results not
consistent with the more extensive colorectal cancer results. No breast cancer study has evaluated the role of
MTRR..Purpose: The specific aims of this postdoctoral training proposal are 1) training in the analysis of
gene-gene and gene-environment interactions by studying folate intake and folate metabolic gene
polymorphisms (MTHFR, MTR, MTRR) in a population-based breast cancer case-control study (approximately
3000 subjects), 2) training in the methodology of cohort studies through a newly proposed nested case-control
study of breast cancer (350 pairs) examining folate intake, plasma folate, and metabolic gene polymorphisms,
3) coursework in nutrition and cancer biology and 4) development of a grant proposal examining folate and
global DNA methylation in breast cancer risk. Scope: Most established risk factors for breast cancer are very
difficult to modify, therefore, identifying modifiable factors is essential to prevent the disease globally. The US
and Canada currently fortify all cereal grain foods with folic acid, although most other countries do no. A
serendipitous result may be an eventual decrease in breast cancers. It is necessary, therefore, to assess the
relationship between folate and breast cancer so that high-risk groups may be targeted and international breast
cancer incidence decrease.

BODY
Approved Statement of Work

Task 1. Undergo course training in nutrition and molecular biology, Months 1-22:
a. Take 1 course in the Vanderbilt Department of Molecular Biology (Fall Semester,
2002), Introduction to Cell Biology: Months 6-10.
b. Take 1 course in the Vanderbilt School of Medicine (Spring Semester 2003),
Introduction to Clinical Nutrition: Months 11-12.
c. Take 1 course in the Vanderbilt Department of Molecular Biology (Spring Semester
2003), Cancer Biology: Months 11-15.
d. Take 1 course in the Vanderbilt Department of Biochemistry (Fall Semester, 2003),
Molecular Aspects of Cancer Research: Months 18-22.
1a. Introduction to Cell Biology was completed in Fall Semester 2003.
1b. Introduction to Clinical Nutrition will be replaced with an independent study of nutrition.
1c. Cancer Biology was completed in December 2001.
1d. Molecular Aspects of Cancer Research was replaced with the American Association for Cancer Research
Pathobiology of Cancer Edward A. Smuckler Memorial Workshop in July 13-20 2003. | was one of 100 people
chosen as a participant.
In addition to the specific courses listed above, the American College of Epidemiology Molecular Genetics for
Epidemiologists: from the Basics to Advanced Topics Workshop was completed in June 2003.
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Task 2. Undergo training in the analysis of gene-gene and gene-environment interactions and the
associations of folate intake and folate metabolizing gene polymorphisms using data from a
population-based case-control study of 3000 subjects in Shanghai: Months 1-24
a. Analyze the association between MTHFR polymorphisms and breast cancer risk and
prepare a manuscript to report the findings: Months 1-10.
b. Analyze and publish the joint effect of MTHFR, MTR, and MTRR polymorphisms, folate
intake, and breast cancer risk: Months 10-18.
2a. The manuscript was published in Cancer Epidemiology Biomarkers & Prevention in February 2004. A copy
of this manuscript is included in Appendix 1. We found that MTHFR genotypes were not associated with breast
cancer risk, however, MTHFR C677T genotypes appeared to modify the association between folate and breast
cancer risk. | also evaluated the MTHFR genotypes in relation to survival from breast cancer in this study. We
found that the MTHFR C677T genotype was associated with an increased risk of death for women who were
initially diagnosed with a late-stage cancer and who had survived at least one year after initial diagnosis. This
manuscript was submitted to Clinical Cancer Research in April 2003 and is in review.
2b. The MTRR assays have recently been completed. The MTR data will become available in July 2004. At
that time, the manuscript will be prepared.

Task 3. Undergo training in the methodology of cohort studies and to evaluate the association of
folate with breast cancer risk using data from a prospective cohort study of 75, 000 Chinese women in
Shanghai: Months 1-36.
a. Design a nested case-control study (350 matched pairs) within the Shanghai Women’s
Health Study for the prospective evaluation of folate intake, plasma folate, and metabolic
gene polymorphisms in relation to breast cancer risk: Months 1-19.
b. Prepare blood samples for relevant assays: Months 1-19.
c. Analyze and publish the relationship between folate intake (all 75, 000 women), plasma
folate (700 subjects in a nested case-control study) and breast cancer risk. Months 21-
26.
d. Analyze and publish the relationship between metabolic gene polymorphisms and
breast cancer risk: Months 26-36.
e. Analyze the joint effect of metabolic gene polymorphisms, plasma and dietary folate,
and breast cancer risk: Months 26-36.
3a. Follow-up of all participants is on-going. At this time, 248 breast cancer cases have been identified, of
which, 184 have a blood sample for folate analysis. The nested-case control study has been designed for
these 184 cases. Other cases and controls will be accrued prospectively.
3b. Blood samples have been prepared and DNA isolated for the folate and gene polymorphism assays. The
assays will begin in the late summer 2004.
3c-e. Data for the analyses will be available in late 2004. At that time, the stated analyses will be done.

Task 4. Undergo training in implementation and administration of breast cancer epidemiological
studies by participating in the field work of the Nashville Breast Health Study, a new case-control
study. Months 1-36.

a. Assist in the development of study instruments, materials, and procedures: Months 1-

6.

b. Participate in subject identification and recruitment: Months 3-36.

c. Prepare manuscripts for publication: Months 26-36.
4a. In 2002-2003, | developed and modified several study instruments including telephone questionnaire, call
logs, and other procedural forms. | have developed protocols for patient recruitment, random digit dialing,
interviewer training and other interviewer procedures. | have designed a database for patient tracking and data
entry and several reports to monitor study progress.
4b. | continue to be involved in project management of the Nashville Breast Health Study.
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Task 5: Prepare a grant proposal for continuation. Months 28-34.
a. Develop and submit a grant proposal to expand the sample size of the nested case-
control study to evaluate folate, global DNA methylation, and uracil misincorporation in
lymphocytes in relation to breast cancer risk.
5. I have recently begun accumulating literature on DNA methylation and speaking with basic scientists in
preparation for Task 5.

KEY RESEARCH ACCOMPLISHMENTS

July 2003: Attended AACR Pathobiology of Cancer Workshop

Fall 2003: Attended Cell Biology in the Vanderbilt Department of Cell Biology

October 2003: The nested breast cancer case-contro! study of the Shanghai Women'’s Health Study
was designed

o February 2004: Published the results from the MTHFR genotype and breast cancer risk. MTHFR
genotypes were not associated with breast cancer risk, however, MTHFR C677T genotypes appeared
to modify the association between folate and breast cancer risk (Appendix 1).

e Winter 2003/04: MTHFR genotype and survival analyses completed for the Shanghai Breast Cancer
Study. MTHFR 677TT genotype was associated with poor survival among women who had received
chemotherapy and had late-stage disease (Appendix 2).

e Spring 2004: MTRR genotyping completed for the Shanghai Breast Cancer Study; DNA samples
prepared for MTR genotyping; blood samples for folate analysis for the breast cancer nested case-
control study in the Shanghai Women’s Health Study

¢ On-going: project management of the Nashville Breast Health Study; 714 participants have been
recruited

REPORTABLE OUTCOMES

1. Shrubsole, MJ, Jin F, Dai Q, Shu XO, , Hebert JR, Niu Q, Gao YT, Zheng W .MTHFR polymorphisms, dietary
folate intake, and breast cancer risk: Results from the Shanghai Breast Cancer Study. 2004. Cancer
Epidemiology, Biomarkers, and Prevention. 13(2):190-6. MTHFR genotypes were not associated with breast
cancer risk, however, MTHFR C677T genotypes appeared to modify the association between folate
and breast cancer risk (Appendix 1).

2, Shrubsole MJ, Shu XO, Ruan ZX, Cai Q, Cai H, Gao YT, Zheng W. MTHFR genotypes and breast cancer
survival: A report from the Shanghai Breast Cancer Study. Presented as a poster at the SNPs, Haplotypes, and
Cancer: Applications in Molecular Epidemiology of the American Association for Cancer Research. 2003.

3. Shrubsole MJ, Shu XO, Ruan ZX, Cai Q, Cai H, Niu Q, Gao YT, Zheng W. MTHFR genotypes and breast
cancer survival after surgery and chemotherapy: A report from the Shanghai Breast Cancer Study.

2004. Clinical Cancer Research (submitted). (Appendix 2)
4. Attendee: American Association for Cancer Research Pathobiology of Cancer Workshop.

CONCLUSIONS

Results from the MTHFR and breast cancer risk manuscript indicate that MTHFR genotype alone is not
associated with breast cancer risk. However, MTHFR genotype may affect the degree to which folate is
protective in breast cancer risk. This is one of the first and largest studies to examine this association. It will be
important to verify this relationship in the nested case-control study supported by this grant. This study has
made good progress and the laboratory assays will begin soon. The analysis of MTHFR genotype and breast
cancer survival indicates that MTHFR genotype is a risk factor for death from breast cancer among women
who have had chemotherapy and have late-stage disease. Future studies will be necessary to evaluate
whether the type of chemotherapy received affects this association.

| have become involved in the study design and management of two additional cancer epidemiology
studies as a result of my experience with the Nashville Breast Health Study. This will further expand my ability
to become an independent investigator and these new studies will be used to strengthen the grant application
in Task 5.
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MTHFR Polymorphisms, Dietary Folate Intake, and Breast Cancer Risk:
Results from the Shanghai Breast Cancer Study

Xiao Ou Shu,! Qi Dai,! James R. Hébert,® Fan Jin,> and
Wei Zheng'

'Department of Medicine and Vanderbilt-Ingram Cancer Center, Vanderbilt
University, Nashville. Tennessec; *Department of Epidemiology, Shanghai
Cancer Institute, Shanghai, People’s Republic of China; and ?Department of
Epidemiology and Biostatistics, Norman J. Armold School of Public Health,
University of South Carolina, Columbia, South Carolina

Abstract

Folate plays an important role in DNA methylation,
synthesis, and repair; intake has been associated with
breast cancer. The folate-metaholizing enzyme,
methylenctetrahydrofolate reductase (MTHFR) is
polymorphic at nucleotides 677 (C—T) and 1298 (A—C),
resulting in allozymes with decreased activity. We
evaluated these two common polymorphisms and their
effects on the folate intake and breast cancer risk
association in a population-based case-control study of
1144 breast cancer cases and 1236 controls using a PCR-
RFLP-based assay. All subjects completed in-person
interviews, which included a food frequency
questionnaire. Unconditional logistic regression models
were used to calculate odds ratios and their 95%
confidence intervals, after adjusting for potential
confounding factors. Cases and controls were similar in
the distribution of MTHFR polymorphisms at codons 677
(41.4% cases and 41.8% controls carried the T allele) and
1298 (17.6% cases and 17.5% controls carried the C
allele). An inverse association of breast cancer risk with
folate intake was observed in all genotype groups,
particularly among subjects with the 67777 genotype.
Compared with those with the 677CC genotype and high
folate, the adjusted odds ratios (95% confidence
intervals) associated with low folate intake were 1.94
(1.15-3.26), 2.17 (1.34-3.51), and 2.51 (1.37-4.60) for
subjects who had CC, CT, and TT genotypes (p for
interaction, 0.05). No modifying effect of A1298C
genotypes on the association of folate intake with breast
cancer risk was observed. Results of this study suggest
that the MTHFR C677T polymorphisms may modify the
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association between dietary folate intake and breast
cancer risk.

Introduction

Folate is involved in DNA methylation, synthesis, and repair.
Low intake of folate may increase risk for several cancers,
including breast cancer (1, 2). The enzyme methylenetetrahy-
drofolate reductase (MTHFR) irreversibly catalyzes 5,10-meth-
ylenetetrahydrofolate to S-methyltetrahydrofolate, the donor
for the remethylation of homocysteine to methionine, the pre-
cursor for the universal methyl donor, S-adenosylmethionine
(3, 4). Folate that is not converted through this pathway can be
used for purine synthesis or the conversion of uracil to thymine,
which is used for DNA synthesis and repair (5).

Two common polymorphisms in the MTHFR gene have
been characterized (6, 7). The 677C — T polymorphism codes
for an alanine to valine substitution in the N-terminal catalytic
domain and results in an allozyme with ~-65% and ~30% of
the wild-type homozygote activity for heterozygotes and ho-
mozygotes of the variant allele, respectively (6, 8). The A— C
polymorphism at nucleotide 1298 codes for an alanine to glu-
tamine substitution in the C-terminal regulatory domain (7).
Individuals homozygous for the /298C allele have approxi-
mately the same enzyme activity as those heterozygous for the
677T allele (7, 8).

The C677T polymorphism has been examined in relation
to several cancers (2, 9). In most studies of colorectal neo-
plasms, the MTHFR 677TT genotype has been associated with
an overall reduction in risk, reduced risk among those with
higher intakes of folate (10--13), or increased risk among those
with lower folate intakes (13-15). MTHFR has not been as well
studied in relation to breast cancer risk. Only three small studies
have evaluated the association between MTHFR genotype and
breast cancer (16—18). The results from these studies have been
inconsistent. Only one study assessed both the C677T and
A1298C polymorphisms and their possible joint effect with
folate intake (18). However, in that study, only 60 cases were
included. We reported recently that folate intake was inversely
associated with breast cancer risk in a large population-based,
case-control study among Chinese women in Shanghai (19). In
an extension of these results, we investigated whether this
association may be modified by MTHFR genotypes.

Materials and Methods

The Shanghai Breast Cancer Study is a population-based, case-
control study conducted in urban Shanghai, China during
1996--1998. This study was approved by the committees for the
use of human subjects in all collaborating institutions. Detailed
study methods have been published previously (20).
Subjects. All incident breast cancer cases newly diagnosed
during the study period and mecting the eligibility criteria were
identified through a rapid case-ascertainment system supple-
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mented by the Shanghai Cancer Registry and were approached
for participation in the study. Eligibility criteria for the study

hai, no previous history of any cancer, and alive at the time of
interview. In all, 1602 eligible cases were identified. of whom
1459 (91.1%) completed in-person interviews. The median
interval from cancer diagnosis to the in-person interview was
64 days. With the exception of a breast cancer diagnosis,
controls had inclusion criteria identical to those of the cases and
were frequency matched on age (5 years intervals) to the
expected age distribution of the cases. In all, 1724 eligible
controls were randomly selected from the Shanghai Resident
Registry. Of these, 1556 (90.3%) completed in-person inter-
views.
Data and Biological Sample Collection. All subjects com-
pleted an in-person interview that used a structured question-
naire and incorporated anthropometric measurements. Dietary
intakes werc assessed using a 76-item food frequency question-
naire (FFQ). In a recent validation study of the FFQ among 200
women, we found that the FFQ captured >86% of food intake
in Shanghai (21). Each subject was asked about the frequency
that a specific food was eaten (daily, weekly, monthly, yearly,
or never), followed by a question on the amount typically eaten.
Dietary intakes of total folate and folate cofactors were derived
from the FFQ by summing the product of the micronutrient
content of each food item, usual portion eaten, and frequency of
consumption. Because of the lack of folate data in the Chinese
food composition database, an identical (82%) or equivalent
(17%) item from the United States Department of Agriculture
food composition database was used to determine micronutrient
level (19). To assess the comparability of the Chinese and
United States Department of Agriculture food composition
databases, we evaluated the correlation of three other water-
soluble vitamins (vitamin C, riboflavin, and niacin) and found
excellent correlation; all Pearson correlation coefficients were
r = 0.91 or higher, providing ancillary support for the validity
of derived folate data in this study. In a validation study of the
FFQ among 200 women, the FFQ was administered twice in a
year and Pearson correlation for folate was r = 0.36. Blood
samples were collected from 1193 (82%) cases and 1310 (84%)
controls and used in this study for genotyping assays.
Laboratory Methods. Genomic DNA was extracted from
blood samples with the Puregene DNA isolation Kit (Gentra
Systems, Minneapolis, MN) following the protocol of the man-
ufacturer. Genotyping for the MTHFR C677T and A41298C
polymorphisms were performed using PCR-RFLP methods re-
ported by Frosst e al. (6) and Weisberg et al. (7}, with minor
modifications. The primers for C677T analysis were 5'-
TGAAGGAGAAGGTGTCTGCGGGA-3' (exonic) and 5'-
AGGACGGTGCGGTGAGAGTG-3' (intronic). The primers
for A1298C analysis were 5'-GGGAGGAGCTGACCAGTG-
CAG-3' and 5'-GGGGTCAGGCCAGGGGCAG-3'. The PCR
reactions were performed in a Biometra TGradient Thermocy-
cler. Each 20 pl of PCR mixture contained 10 ng DNA, 1X
PCR buffer {50 mm KCl, 10 mm Tris-HCI (pH 9.0)]. 1.5 mm
MgCl,, 0.2 mm each of deoxynucleoside triphosphate, 0.5 mm
of each primer, and 1 unit of TagDNA polymerase. The reac-
tion mixture was initially denatured at 94°C for 3 min. For
C677T polymorphisms, PCR was performed in 30 cycles of
94°C for 45 s, 65°C for 45 s, and 72°C for 45 s. For A1298C
polymorphisms, PCR was performed in 35 cycles of 94°C for
45 s, 65°C for 45 s, and 72°C for 45 s. The PCR was completed
by a final extension cycle at 72°C for 7 min.

For C677T polymorphisms, each PCR product (10 pl) was

digested with 10 units of Hinf I at 37°C for 3 h. The DNA
fragments were then separated using 3% agarose gel and de-
tected by ethidium bromide staining. The C—T substitution at
nucleotide 667 creates a Hinf I digestion site. The PCR product
(198 bp) with the T allele was digested to two fragments (175
bp and 23 bp), whereas the PCR product with wild-type C allele
cannot be cut by Hinf1. For A1298C polymorphisms, each PCR
product (10 ul) was digested with 5 units of FrudH 1 at 37°C
for 3 h, followed by 3% agarose gel electrophoresis and
ethidium bromide staining. The A—C substitution at nucleo-
tide 1298 creates a FnudH | site. The PCR product (138 bp)
with C allele was digested to two fragments (119 bp and 19 bp),
whereas the PCR product with wild-type A allele cannot be cut
by Fnu4H 1.

Quality-control samples were included in various batches

of samples assayed for the polymorphisms. The consistency
ratc was 98.5% in 119 quality-control samples that were re-
peated in the genotyping assays with their identities unknown to
laboratory staff. Excluding a few subjects for whom sufficient
DNA was not available or for whom the genotyping assay
failed, genotyping data were obtained from 1112 cases and
1160 controls for C677T and 1121 cases and 1208 controls for
A1298C polymorphisms. Because few women in the study
consumed alcohol, a factor that may increase folate require-
ments, and because the data on the folate content of vitamins
were not available, all analyses involving folate or its cofactors
were limited to the cases (92.0%) and controls (91.1%)
who were known not to consume alcohol regularly and not to
take vitamin supplements.
Data Analysis. Odds ratios (ORs) were used to measure the
association of breast cancer risk with MTHFR genotype. Un-
conditional logistic regression models were used to obtain
maximum likelihood estimates of the ORs and their 95% con-
fidence intervals (CIs), after adjusting for potential confound-
ing variables. Risk factors previously identified as having an
independent association with breast cancer were controlled in
all models. These included age, personal history of fibroade-
noma, age at first live birth, physical activity, waist-to-hip ratio,
and daily meat intake. Age was included as a continuous
variable throughout, and categorical variables were treated as
indicator variables in the model. Quartile and tertile distribu-
tions of dietary intakes among controls were used to categorize
all dietary intake variables. In the analyses including dietary
factors, energy adjustment was performed using the standard
multivariate method (22). Tests for trend were performed by
entering categorical variables as continuous. Stratified analyses
were used to evaluate the potential modifying effect of age,
menopausal status, and folate and folate cofactor intakes on
breast cancer risk associated with MTHFR genotypes and of
MTHFR genotypes on breast cancer risk associated with folate
intake. Tests for multiplicative interaction were done by includ-
ing multiplicative variables in the logistic model and perform-
ing the likelthood ratio test. All statistical tests were based on
two-sided probabilities using SAS, Version 8.2 (SAS Institute,
Inc., Cary, NC).

Results

Comparisons between cases and controls on select demo-
graphic factors, established risk factors, and dietary factors are
presented in Table 1. Cases were, in general, more highly
educated, more likely to have a history of fibroadenoma,
younger at menarche, older at first live birth and menopause,
less likely to be physically active, and more likely to have a
higher body mass index and waist-to-hip ratio than controls.

191
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Table I Comparison of cases and controls by selected descriptive characteristics, Shanghai Breast Cancer Study. 1996 -1998

Subject characteristics Cases (n = 1144) Controls (n = 1236) pP

Age. yr (mean = SD) 46.4 £ 99 46.7 £ 8.8 042
Education, %

No formal education 3.8 6.0

Elementary school 8.5 8.6

Middle or high school 75.8 753

College or above 12.0 10.1 <0.05
Breast cancer in first-degree relative, % 34 24 0.15
Ever had breast fibroadenoma. % 9.7 5.2 <0.01
Age at menarche (yr) 145+ 16 147 = 1.7 <0.01
Ever had a live birth, % 94.9 95.9 0.27

Number of live births, mean *+ SD 1.5 08 1509 0.19

Age at first live birth, yr (mean * SD) 26.8 4.1 262 £ 38 <0.01
Postmenopausal, % 333 36.3 0.13
Age at menopause, yr (mean * SD) 482+ 46 474 £5.0 0.03
Physically active past 10 yr, % 19.3 25.8 <0.01
Body mass index, kg/m* (mcan * SD) 236 =34 23234 0.02
Waist-to-hip ratio. mean * SD 0.81 £ 0.06 0.80 = 0.06 <0.01
Daily animal food intake. g (mean * SD) 90.4 618 79.4 % 50.1 <0.01
Daily plant food intake. g (mean = SD) 501 =275 496 = 278 0.73
Daily folate intake, pug (mean £ SD) 287 + 141 303 =179 0.02
Daily methionine intake, g (nean * SD) 1.72 £ 0.60 1.65 = 0.56 <0.01
Daily vitamin B, intake, pug (mean * SD) 477 £ 411 469 %420 0.66
Daily vitamin B intake. mg (mean = SD) 1.83 % 0.60 1.77 % 0.57 0.03
Daily energy intake, kcal (mean * SD) 1875 + 467 1852 + 459 0.23

¢ Far x? test (categorical variables) or 7 test (continuous variables).

Cases also had higher average daily intakes of animal foods,
methionine, and vitamin B, and lower average daily intake of
folate than controls.

The frequencies of MTHFR alleles and genotypes by case-
control status and the association between MTHFR genotypes
and breast cancer risk are presented in Table 2. The frequencies
of the 6777 and 1298C alleles were 0.41 and 0.18, respectively,
among the controls. These were virtually identical to the fre-
quency among the cases. Among the controls, the distributions
of the MTHFR genotypes did not differ from the predicted
distribution under Hardy-Weinberg equilibrium (P = 0.44 for
the C677T polymorphisms and P = 0.58 for the A/298C

polymorphisms). Risk of breast cancer did not differ statisti-
cally for the C677T or A1298C genotypes or for their combi-
nation. Similar associations were observed in analyses stratified
by age and menopausal status (data not shown in table).

The joint association of MTHFR genotype and dietary
folate intake with breast cancer risk is presented in Table 3.
Low intake of folate was associated with an increased risk of
breast cancer among all genotypes, particularly subjects with
the TT genotype (OR = 2.51; 95% CI: 1.37-4.60) There was
a significant multiplicative interaction between folate intake
and C677T polymorphism in relation to breast cancer risk (P =
0.05). Elevated ORs were observed to be associated with folate

Table 2 MTHFR genotype frequencies and adjusted odds ratios (ORs) for breast cancer among Chinese women, Shanghai Breast Cancer Study, 19961998
. a , ) , Age-adjusted OR Multi-adjusted OR
Genotype Cases, n (%) Controls. (%) (95% gonﬁéencc interval) (95% conﬁdjence interval)
C677T
cc 374(33.6) 387(33.4) 1.00 (reference) 1.00 (reference)
cr 555 (49.9) 577 (49.7) 1.00 (0.83~1.20) 1.01 (0.84-1.22)
T 183 (16.5) 196 (16.9) 0.97 (0.76-1.24) 0.97 (0.76-1.25)
A1298C
Ad 768 (68.5) 824 (68.2) 1.00 (reference) 1.00 (reference)
AC 311 Q277D 344 (28.5) 0.97 (0.81-1.16) 0.96 (0.80--1.16)
ccC 42 (3.8) 40{3.3) 1.13 (0.72--1.75) 1.14 (0.73--1.79)
Combined
A1298C-A4
C6777-CC 196 (18.0) 180 (15.9) 1.00 (reference) 1.00 (reference)
C6771-CT 375 (34.9) 410 (36.2) 0.84 (0.66-1.07) 0.85 {0.66--1.09)
C6771-1T 179 (16.4) 184 (16.3) 0.89 (0.67-1.19) 0.89 (0.67--1.20)
A1298C-AC/CC
C6777-CC 171 (15.7) 203 (17.9) 0.77 (0.58--1.03) 0.77 (0.57-1.02)
C6777-CT/IT 168 (15.4) 155(13.7) 0.99 (0.74-1.34) 1.01(0.75-1.36)

“The frequencies of the 6777 allele were 41.4% in cases and 41.8% in controls (Z = 0.81) and the frequencies of the /298C allele were 17.6% in cases and 17.5% in

controls (P = 0.95).

% All ORs are adjusted for age. waist-to-hip ratio, age at first live birth, physical activity. menopausal status. and total meat intake.
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Table 3 Joint association of MTHFR genotype and folate intake with breast cancer risk among Chinese women, Shanghai Breast Cancer Study, 1996 -1998

Daily Folate Intake”

Genotype Qq (High) Qs Q: Q, . P ;
Cases/  Adjusted OR Cases/ Adjusted OR Cases'  Adjusted OR Cases/ Adjusted OR TR
controls (95% CI)* controls (95% CI)* controls (95% C1)* controls 95% CIy*
c6771"
cC 69/88 1.00 (reference) 96/86 176 (1.12-2.77) 90/91 1.75(1.08-2.83) 81/86 1.94 (1.15-3.26) 0.02
Ccr 103/117 1.16 (0.76-1.77) 1357142 1.50(0.99-2.29) 133/137 173 (1.11-2.70) 145/136 2.17(1.34-3.51) 0.06
1T 29/53 0.70 (0.40-1.23) 47/44 1.66 (0.97-2.85) 49/39 2.17(1.23-3.83D 47/38 2.51(1.374.60) 0.003
P for trend 0.51 0.71 0.49 0.31
A1298¢C"
Ad 140/192 1.00 (reference) 184/192 1.59 (1.15-2.20) 195/185 1.94 (1.36-2.76) 194/186 2.18 (1.46-3.25) 0.0006
AC/CC 63/81 1.05 (6.70--1.57) 92/84 1.80(1.22-2.67) 79/91 1.59 (1.04-2.44) 85/92 1.94 (1.23-3.05) 0.18
A1298C-A4"
C677T-CC 42/45 1.00 (reference) 43/43 1.26 (0.68--2.34) 4R/38 1.81(0.95-3.44) 43/40 1.85 (0.94-3.67) 0.07
C6777-CT 67/81 0.86 (0.49-1.48) 94/101 1.18 (0.69-2.01) 90/98 1.35(0.77-2.36) 100/98 1,74 (0.96-3.16) 0.08
C6771-1T 29/52 0.56 (0.30-1.05) 45141 1.40 (0.75-2.60) 48/36 1.87(0.98-3.57) 46/36 2.16 (1.09-4.28) 0.002
P for trend 0.13 0.63 0.81 0.70

“ All ORs are adjusted for age, waist-to-hip ratio, age at first live birth, physical activity, and total energy, meat, vitamin B,,. vilamin By, and methionine intakes. OR,

odds ratio; CI, confidence interval.
“ P for interaction, 0.048.

¢ P for interaction, 0.71.

“ P for interaction, 0.06.

intake regardless of 47298C genotype. although the trend was
statistically significant in only the 44 group. To examine
further the C6777 association, analyses were restricted to
129844 individuals because of a small sample size for the AC
and CC genotypes. Again, low intake of folate was associated
with increased risk for all genotypes, and the increased risk was
greatest among those with 67777 genotype (OR = 2.16, 95%
ClL: 1.09-4.28, p for trend = 0.002, p for interaction = 0.06).
There was a suggestive reduced risk associated with the 7T
genotype among those with high folate intake, although the OR
was not statistically significant.

The joint associations of MTHFR C677T genotypes and
folate intake with breast cancer risk are presented in Table 4,
after stratifying by folate cofactor intake. With the exception of
the high vitamin B, stratum, low folate intake was associated
with an elevated risk of breast cancer, and the association
appeared stronger among subjects with the 77 genotypes. None
of the tests for multiplicative interactions, however, was statis-
tically significant, perhaps because of a small sample size in
these stratified analyses.

Discussion
We found in this case-control study that there was no statisti-
cally significant association between the risk of breast cancer
and MTHFR C677T or A1298C genotypes. However, MTHFR
C677T genotype was a statistically significant effect modifier
of the association between folate intake and breast cancer risk.
Among those with the 6777T genotype. low folate intake was
associated with a more substantial increased risk than those
with other genotypes. These are novel findings consistent with
the possible role of MTHFR and folate in the etiology of cancer.
MTHFR polymorphisms have not been adequately inves-
tigated in relation to breast cancer risk. Only three previous
small studies have examined MTHFR polymorphisms and
breast cancer risk (16-18). In the first, a study among Jewish
women, MTHFR C677T genotype was determined in 491
women with sporadic (n = 355) or hereditary (n = 136) breast
and/or ovarian cancer and in 69 asymptomatic BRCA1/2 mu-

tation carriers (16). The prevalence of the T allele was not
significantly different between sporadic cases and the asymp-
tomatic carriers, women diagnosed at a young and older age,
and BRCA1/2 carriers with and without cancer. The prevalence
of the T allele was more frequent among women with bilateral
breast cancer or with both breast and ovarian cancers than
among women with only unilateral breast cancer. In the second
study, a hospital-based, case-control study among postmeno-
pausal Caucasian women (149 cases and 171 controls), it was
reported that the MTHFR 677T (val) allele was more prevalent
in cases than controls (17), which is in contrast to the results
from the third case-control study conducted in the United
Kingdom (62 cases, 66 controls), the only previous study that
reported risk of breast cancer associated with both the C677T
and 41298C polymorphisms (18). The British study reported
breast cancer risk was reduced among those homozygous for
the 677T allele (OR = 0.39; 95% CI: 0.12-1.24) or 1298C
allele (OR = 0.24; 95% CI: 0.06--0.97). However, no modi-
fying effect of the MTHFR C677T genotype was noted on the
association between folate intake and breast cancer risk. There
was some evidence of a joint association of folate and the
A1298C genotype, but the sample size was not large enough to
examine this association.

We did not find an overall reduced risk of breast cancer
associated with MTHFR 677TT or 1298CC genotypes, which is
not consistent with the British study of breast cancer (17) and
some of the previous studies for other cancers. Two of three
case-control studies of colorectal cancer and the MTHFR
C677T polymorphism observed an overall reduction in risk
associated with the 77 genotype (10, 11), as did studies of oral
cancer (23) and adult acute lymphocytic leukemia (24). We also
found a similar weak association among women with high
intake of folate and folate cofactors. However, other studies of
colorectal cancer (12), colorectal adenoma (13, 14, 25), gastric
cancer (9), lung cancer (26), and acute myeloid leukemia (24)
found no association or an increased risk of cancer for individ-
uals with the 77 genotype. Our observation for a stronger
inverse association of folate intake and breast cancer risk
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Table 4 Joint association of folate and MTHFR C677T genotype with breast cancer risk stratified by cofactor intake among Chinese women, Shanghai Breast Cancer
Study, 19961998

Folate intake, odds ratio (95% confidence interval)?

Folate cofactor intake P for trend P for interaction
T, (high) T, T,
Vitamin B,
Low
cC 1.00 (reference) 1.71(0.74-3.94) 1.77 (0.73-4.34) 0.25
cT 1.62(0.70-3.73) 1.36 (0.61-3.05) 1.74 (0.75-4.06) 0.79
T 0.83 (0.28-2.45) 0.86 (0.31-2.40) 2.36 (0.90-6.16) 0.1l 0.56
Medium
cC 1.00 (reference} 1.88 (0.97-3.67) 2.11(0.97-4.59) 0.11
cT 1.01 (0.56-1.81) 1.69(0.92-3.11) 1.81 (0.89-3.68) 0.20
T 0.84 (0.38-1.87) 1.77 (0.83-3.83) 3.00 (1.18-7.61) 0.03 0.45
High
cc 1.00 (reference) 0.96 (0.51-1.81) 1.10 (0.58-1.73) 0.39
cr 1.00 (0.58-1.73) 1.22 (0.67-2.22) 1.26 (0.65-2.48) 0.88
T 0.61 (0.30--1.23) 2.33 (1.03-5.26) 1.25 (0.46-3.37) 0.12 0.02
Vitamin B,"
Low
cC 1.00 (reference) 0.77 (0.16-3.86) 1.24 (0.26-5.91) 0.30
CcT 0.70 (0.09-5.37) 1.11(0.23--5.41) 1.43 (0.31-6.76) 0.26
T 2.19 (0.09-52.31) 0.74 (0.13-4.27) 1.89 (0.38-9.39) 0.06 0.70
Medium
cC 1.00 (reference) 1.45 (0.68-3.07) 1.67 (0.71-3.94) 0.24
cr 0.84 (0.37-1.91) 1.31(0.63-2.74) 1.18 (0.54-2.59) 0.57
T 0.66 (0.22-1.97) 1.37 (0.60--3.17) 1.74 (0.65-4.71) 0.02 0.70
High
cC 1.00 (reference) 1.61 (0.88--2.96) 1.28 (0.29-5.59) 0.04
cr 1.27(0.84-1.92) 1.26 (0.75-2.11) 1.01 (0.33--3.04) 0.44
T 0.71 (0.41-1.22) 2.50(1.11-5.63) 0.68 (0.12--3.73) 0.23 0.13
Methionine?
Low
cC 1.00 (reference) 2.17 (0.50-9.3%) 1.87 (0.43-8.18) 0.88
cr 2.82 (0.60-13.29) 2.00(0.47-8.51) 2.06 (0.48--8.88) 0.98
7 3.24 (0.48-22.00) 1.56 (0.33-7.45) 2.89 (0.64-13.04) 0.41 0.98
Medium
cC 1.00 (reference) 1.21(0.61-2.40) 1.99 (0.91--4.37) 0.09
cT 0.99 (0.48--2.05) 1.47 (0.76-2.84) 1.75 (0.85-3.64) 0.30
T 0.96 (0.37-2.48) 1.70 (0.77-3.73) 2.05 (0.74-5.67) 0.09 0.91
High
cC 1.00 (reference) 1.71(0.90-3.23) 1.57 (0.51-4.83) 0.16
cr 1.08 (0.69-1.66) 1.31(0.76-2.24) 1.16 (0.52-2.59) 0.82
T 0.59 (0.33-1.05) 1.84 (0.83-4.08) 1.53 (0.50-4.66) 0.03 0.19

“ All odds ratios arc adjusted for age, waist-to-hip ratio, age at first live birth, physical activity, menopausal status, and total encrgy, meat, and intake of the other two

cofactors.

# P for three-way interaction. 0.47.
€ P for three-way interaction, 0.24.
“ p for three-way interaction.

among women with the TT genotype is supported by the
majority of studies examining a similar association for other
cancers (10-12, 14, 15, 23), and is consistent with the role of
folate in breast carcinogenesis. We, and others, have previously
found a decreased risk of breast cancer among those with high
intake level of folate (19, 27-33). Low folate intake is associ-
ated with an increased misincorporation of uracil and chromo-
some breaks (34, 35) and aberrant DNA methylation (35, 36).
The critical factor in breast carcinogenesis may be an appro-
priate balance between the availability of for DNA methylation
and 5,10-methylenc-S-adenosylmethioninetetrahydrofolate for
DNA synthesis. It is plausible that individuals with the 677TT
genotype are particularly susceptible to the carcinogenic con-
sequences of folate insufficiency. This genotype, in the pres-
ence of low folate, is associated with higher levels of homo-
cysteine, lower levels of methylated folates and, therefore,

reductions in genomic DNA methylation (37, 38). Our finding
for a positive association of C677T genotype with low folate
intake (OR = 2.51, 95% CI: 1.37-4.60) appears to support this
notion. Conversely, in folate-replete conditions, the availability
of 5,10-methylenetetrahydrofolate for nucleotide synthesis may
be adequate or increased for these individuals because of the
genetically determined decreased activity of MTHFR. This
could explain the lower risk of this genotype among those with

677TT) and other studies (10, 12, 14, 15). Therefore, the effect
of MTHFR on breast cancer risk in a particular population may
depend on the intake level of folate in that population. With
increased folic acid fortification in the United States popula-
tion, the general intake of folate may be higher than that from
the Chinese, whose folate intake is primarily obtained from
unfortified diets. This may explain, in part, the overall absence
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of association of MTHFR genotype with breast cancer risk in
our study.

The relationship between folate metabolism and carcino-
genesis is likely to be a complex biological sum of genetic and
nutritional differences. In our study, the association of folate
and breast cancer risk was similar for all genotypes when
intakes of vitamin B,,, B, or methionine were low. Vitamin
B,,, vitamin B, and methionine all have important roles in
one-carbon metabolism; vitamin B, is a cofactor for the trans-
fer of the methyl group from folate to methionine, vitamin B¢
is a coenzyme for the formation of 5,10-methylene-5,10-meth-
ylenetetrahydrofolate and the catabolism of homocysteine, and
methionine is the precursor for S-adenosylmethionine. It is
possible that below a certain intake threshold of vitamin B,,
and methionine, the effect of MTHFR C677T genotype or folate
intake is reduced or negated and that once this threshold is
surpassed, both folate and MTHFR genotype have a greater
impact on breast cancer risk. The inverse association with
breast cancer risk among those with a high vitamin B intake
was unexpected and cannot be readily explained by the above
rationale. This finding needs to be re-evaluated in future studies.

As with any case-control study, the potential for selection
and recall biases must be considered. However, selection bias is
unlikely to be a major issue in this study; both cases (91%) and
controls (90%) had very high participation rates. Not only did
this study have a high participation rate, it also had a high blood
collection rate (>80%j). Although it is possible that cases and
controls may have had differentially recalled intakes of foods
that contributed to the nutrients in this study, fruit and vegetable
intake, the major contributors to folate, methionine, and vitamin
B, intakes, did not significantly differ between cases and con-
trols. Approximately 50% of cases were interviewed within 15
days of diagnosis and the majority (80%) were interviewed
within 4 months, thus reducing potential recall bias attributable
to dietary change related to a diagnosis of cancer. In addition,
recall of diet would unlikely be related to MTHFR genotype
and, therefore, could not account for the associations we ob-
served in this study. Additionally, misclassification in the as-
sessment of folate intake may have occurred from using the
Unites States Department of Agriculture food composition da-
tabase. However, any such misclassification would be nondif-
ferential between cases and controls and would usually result in
a bias toward the null. Confounding by other factors is always
a concern in epidemiological studies. We observed little con-
founding when we carefully adjusted for known risk factors.
Although it is possible that residual confounding may still exist,
for example, from dietary factors not considered in this study,
additional factors are not likely to explain the strength of the
observed associations. Other strengths of our study include the
population-based design, the estimation of folate intake in a
population of nonusers of alcohol and vitamin supplements, and
the large sample size that facilitated examination of modifying
effects.

In summary, we found that, although there was no overall
relationship between MTHFR genotype and breast cancer risk,
women with low intake of folate and who are homozygous for
the MTHFR 677T polymorphism may be at substantially in-
creased risk for breast cancer. Our data also suggest this asso-
ciation may be further modified by vitamin B,,, vitamin B,
and methionine intake. This study adds support to the literature
that one-carbon metabolism and MTHFR polymorphisms have
a role in carcinogenesis and may be important in breast carci-
nogenesis.
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ABSTRACT

Purpose: Methylenetetrahydrofolate reductase (MTHFR) regulates the pool of intracellular
folates for DNA synthesis and methylation. Sequence variations in the MTHFR gene
(nucleotides 677 (C—T) and 1298 (A—C)) result in allozymes with decreased activity. The 677
TT genotype is associated with increased toxicity of methotrexate and increased clinical

response to 5-fluorouracil in treatment of cancers including breast cancer.

Experimental Design: We evaluated MTHFR genotypes and breast cancer survival in a cohort
of 1067 Chinese women who were diagnosed with breast cancer between 1996 and 1998 and
received surgery and chemotherapy. Life table method was used to calculate 5 year survival
rates and Cox proportional hazards models were used to estimate hazard ratios (HR) and 95%
confidence intervals (ClI) after adjusting for potential confounding factors.

Results: Median follow-up time was 5.2 years. Five-year survival was 84.6% for this study
population. 66% of the patients carried a 677 T allele and 31% carried a 1298 C allele. We
found that overall five-year survival after diagnosis of breast cancer did not differ significantly
across all genotypes (85.3% for 677 CC and 83.8% for 677 TT; 83.8% for 1298 AA and 79.1%
for 1298 CC). However, carrying the 677 T allele was associated with increased risk of death
for subjects with late stage disease (stages Ill-IV) (HR=1.85, 95% CI: 0.82-4.19 for TT vs. CC, p
for trend=0.13), particularly among those who had survived the first year (HR=2.50, 95% CI:
1.07-5.85, p for trend=0.04). The A71298C genotypes were not significantly associated with risk
of death.

Conclusion: This study suggests that the MTHFR C677T polymorphisms may affect long-term
survival from advanced breast cancer.



INTRODUCTION

Methylenetetrahydrofolate is an important enzyme in folate metabolism. It irreversibly converts
5,10-methylene tetrahydrofolate (THF) to 5-methyl THF which provides the methyl group for the
de novo synthesis of methionine synthase and DNA methylation (1). It also helps determine the
folate levels available for DNA synthesis and repair (2). Two common polymorphisms in the
MTHFR gene have been identified (3;4). The 677C —»T polymorphism codes for an alanine to
valine substitution in the N-terminal catalytic domain and results in an allozyme with
approximately 65% and 30% of the activity of the wild-type protein for heterozygotes and
homozygotes, respectively (3). The A—C polymorphism at nucleotide 1298 codes for an
alanine to glutamine substitution in the C-terminal regulatory domain (4). Individuals
homozygous for the 1298C allele have approximately the same enzyme activity as those

heterozygous for the 677T allele (4;5).

Adjuvant chemotherapy greatly improves relapse-free and overall survival of breast
cancer patients (6-8). A classical treatment regime for metastatic disease is a combination of
cyclophosphamide, methotrexate (MTX), and fluorouracil (5FU). Both MTX and 5FU exert their
anti-neoplastic activities through folate-pathway inhibition. It has been reported that the MTHFR
677TT genotype is associated with increased toxicity of MTX and increased clinical response to
5FU in treatment of leukemia, and cancers of the breast, ovary, and colorectum (9-12). The
relationship between MTHFR genotypes and survival from breast cancer has not been
previously investigated. In this study, we examine this association among a cohort of Chinese
breast cancer patients who had participated in the Shanghai Breast Cancer Study and had

received adjuvant chemotherapy as part of their treatment for breast cancer.



PATIENTS AND METHODS

Participants and Data Collection: The Shanghai Breast Cancer Study is a population-based
case-control study that recruited breast cancer patients during August 1996 through March
1998. Eligible cases were residents of urban Shanghai aged 25-64 years with a newly
diagnosed breast cancer who had no prior history of cancer. Cases were identified through a
rapid case-ascertainment system supplemented by the population-based Shanghai Tumor
Registry. A total of 1602 cases were found to be eligible for the study, and, of these, 1459
(91.1%) completed in person interviews, 17 (1.1%) were deceased before interview, 109 (6.8%)
refused to participate and 17 (1.1%) could not be located. Information on cancer diagnosis,
disease stage (TNM), and treatment were abstracted from medical records. Chemotherapy
regimen information was not collected in the study. Blood samples were available for 1193
women (81.8%). These samples were processed within 6 hours of collection and stored at -70°
C. For nearly 50% of the cases, blood sample collection and in-person interviews were

completed before any cancer therapy.

During March 2000 to January 2003, the 1459 participating cases were followed up to collect
data on disease progression, recurrence, survival status, and quality of life among survivors. In-
person (n=1241, 85.0%) or telephone interviews (n=49, 3.4%) were completed by the patient or
by next of kin for deceased patients (n=197). The survival status of the remaining 169 cases
was established by linkage to the vital statistics registry at the Shanghai Center for Disease
Control and Prevention (SCDCP). Four cases did not have sufficient information for linkage and
were excluded from the study. Through the linkage, 43 deaths were identified and information
on dates and causes of death were obtained. To allow a delay in the transmittal of death
information to the SCDCP, we assigned the December 30, 2002 as the date of last contact to

the cases (n=122) whose file did not match those in the vital statistics registry. This study was



approved by the Institutional Review Board of Vanderbilt University and all of the participating

institutions; consent was obtained for all study participants.

Laboratory methods: Genomic DNA was extracted from blood samples with the Puregene®
DNA isolation Kit (Gentra Systems, Minneapolis, MN) following the manufacturer's protocol.
Genotyping for the MTHFR C677T and A1298C polymorphisms were performed using PCR-
RFLP methods described elsewhere (13). Briefly, the primers for C677T analysis were: 5'-
TGAAGGAGAAGGTGTCTGCGGGA-3' (exonic) and 5-AGGACGGTGCGGTGAGAGTG-3'
(intronic). The primers for A1298C analysis were: 5'-GGGAGGAGCTGACCAGTGCAG-3' and
5'-GGGGTCAGGCCAGGGGCAG-3'. The PCR reactions were performed in a Biometra®
TGradient Thermocycler. Each 20 ml of PCR mixture contained 10 ng DNA, 1x PCR buffer (50
mM KCI, 10 mM Tris-HCI, pH 9.0), 1.5 mM MgCl,, 0.2 mM each of dNTP, 0.5 mM of each
primer, and 1 unit of Taq DNA polymerase. The reaction mixture was initially denatured at 94°C
for 3 min. For C677T polymorphisms, PCR was performed in 30 cycles of 94°C for 45 sec, 65°C
for 45 sec, and 72°C for 45 sec. For A71298C polymorphisms, PCR was performed in 35 cycles
of 94°C for 45 sec, 65°C for 45 sec, and 72°C for 45sec. The PCR was completed by a final

extension cycle at 72°C for 7 min.

For C677T polymorphisms, each PCR product (10 pl) was digested with 10 units of Hinf |
at 37°C for 3 hours. The DNA fragments were then separated using 3% agarose gel and
detected by ethidium bromide staining. The C—T substitution at nucleotide 667 creates a Hinf |
digestion site. The PCR product (198 bp) with T allele was digested to 2 fragments (175 bp and
23 bp), whereas the PCR product with wild type C allele cannot be cut by Hinf . For A1298C
polymorphisms, each PCR product (10 pl) was digested with 5 units of Fnu4H | at 37°C for 3

hours followed by 3% agarose gel electrophoresis and ethidium bromide staining. The A»C



substitution at nucleotide 1298 creates a Fnu4H | site. The PCR product (138 bp) with C allele
was digested to 2 fragments (119 bp and 19 bp), whereas the PCR product with wild type A

allele cannot be cut by Fnu4H |.

Quality control (QC) samples were included in various batches of samples assayed for the
polymorphisms. The consistency rate was 98.5% in 119 QC samples that were repeated in the
genotyping assays with their identities unknown to lab staff. Excluding a few participants for
whom sufficient DNA was not available or for whom the genotyping assay failed, genotyping
data were obtained from 1038 and 1045 participants for C677T and A71298C polymorphisms,

respectively.

Data Analysis: All analyses were restricted to the 1366 (93.6%) who were known to have
received both surgery and chemotherapy as part of their treatment for breast cancer. MTHFR
analyses were further restricted to the women who had genotyping data. Overall survival time
was calculated as the time from diagnosis to death from any cause and censored at date of last
contact. Kaplan-Meier survival method was used to calculate the 1,3, and 5-year survival rates
and the Log Rank Test was applied to test the differences in survival across different genotypes.
Cox proportional hazards model was used to estimate hazard ratios (HR) and their 95%
confidence intervals (Cl) after adjusting for use of radiotherapy and Tamoxifen and known
prognostic factors including TNM stage and age. Age was included as a continuous variable
throughout, and categorical variables were treated as indicator variables in the model. Stratified
analyses were used to evaluate the potential modifying effect of age, ER/PR status, and TNM
stage on risk associated with MTHFR genotypes. All statistical tests were based on two-sided

probabilities using SAS, version 8.2 (SAS Institute, Inc., Cary, NC).



RESULTS

Characteristics of participants and overall 5-year survival rates by characteristic are presented
in Table 1 for the entire cohort and for the subset with MTHFR data. Distributions and 5-year
survival rates were consistent between both groups. Of those with known ER and PR status,
most were positive for ER or PR. Overall 5-year survival was 84.63%. Survival was somewhat
lower for those who were older at diagnosis. The majority of patients received radiotherapy
(66.2%) or took Tamoxifen (70.1%) (data not shown in table).

In Table 2, the frequencies of MTHFR alleles and genotypes are presented among all the study
participants and by TNM stage and ER/PR status. The frequencies of the 677T and 7298C
alleles were 0.41 and 0.18 respectively. Neither the C677T nor the A71298C genotypes were
significantly associated with the stage at diagnosis or ER/PR status. The distribution of A7298C
genotypes was similar overall and across TNM stage and ER/PR status. Disease stage and
ER/PR status also did not appear to be influenced by the combined genotype of C677T and
A1298C. No significant differences in genotype distribution were observed. The distributions of
the MTHFR genotypes did not differ from the predicted distribution under Hardy-Weinberg

equilibrium (p=0.83 for C677T and p=0.07 for A7298C polymorphisms).

In Table 3, overall 5-year survival rates and hazard ratios are presented by MTHFR genotype.
Median follow-up of the patient cohort was 5.2 years (data not shown in table). 5-year overall
survival rates were 85.3%, 84.8%, and 83.8% for women with the 677 CC, CT,and TT

genotypes and 83.8%, 86.6%, and 79.1% for women with the 1298 AA, AC, and CC genotypes.

Overall risks of death according to stage at diagnosis and MTHFR genotype are presented in
Table 4. Among those diagnosed with a late stage breast cancer, there was a suggestive
increased risk of death with increasing frequency of 677T alleles (p for trend=0.13). When

overall survival was examined among those who had survived at least one year, presence of the



677 TT genotype was associated with a more-than-double risk of death among those with late-
stage disease (OR=2.50, 95% CI=1.07-5.85, p for trend= 0.04). This association was stronger
for women who had survived at least 2 years (OR=2.99, 95% CI: 3.98 (1.14-7.87), p for
trend=0.03). Conversely and non-significantly, risk of death was decreased among those with
the TT genotype and early-stage disease (OR=0.58, 95% C|=0.29-1.14, p for trend=0.13).
There was no evidence of a survival difference by the presence of the 7298C allele. MTHFR
C667T results for stage 11l were similar to the combined analysis of stages Il and IV (data not
shown in table). Sample sizes did not permit separate analysis of the A7298C genotypes or

stage IV breast cancer alone.

The Kaplan-Meier survival functions for overall survival by MTHFR genotypes and TNM stages
are presented in Figure 1. Consistent with the results shown in Table 4, patients with a late
stage cancer and who carried the 677TT genotype had the poorest survival. The difference was

particularly evident after 3 years of follow-up.

DISCUSSION

In this population-based breast cancer cohort study, we found that MTHFR genotypes were not
associated with overall survival in the entire cohort. However, the 677 TT genotype was
associated with substantially poorer long-term survival among those with late stage disease.

This is the first report suggesting that MTHFR genotype affects survival from breast cancer.

MTHFR has a critical role in folate metabolism. Decreased activity of MTHFR increases the
folate pool available for DNA synthesis and cell proliferation. The MTHFR 677T polymorphism
results in an allozyme with lower activity; it is approximately 70% reduced in vitro for
homozygotes (3). Folate pathway inhibitors such as MTX and 5-FU are important

chemotherapeutic drugs used in the treatment of breast cancer. The primary target of MTX is




dihydrofolate reductase and, thus, MTX increases the intracellular poo! of dihydrofolate, an
inhibitor of MTHFR (14) while simultaneously functioning as an anti-folate and a TS inhibitor
(15). 5FU, another common drug for treatment of breast cancer and TS inhibitor, must form a
ternary complex with TS and 5,10-methylene THF(16). Situations in which the availability of
5,10-methylene THF is increased, including decreased activity of MTHFR, will result in a more
stable complex and maximal inhibition of TS, thus decreasing proliferation and increasing
cytotoxicity. This is supported by the report of greater chemosensitivity of cells with 677 TT
MTHFR (17) and the greater response to 5FU of metastatic colorectal cancer patients with
677TT genotype (12). Recently, Sohn et al (17) transfected the breast cancer cell line MDA-MB-
435 with 677CC or 677TT human MTHFR cDNA to examine chemosensitivity to MTX and 5-FU,
as measured by the percentage of cell survival. As expected, cells expressing the 677T MTHFR
had 35% lower MTHFR activity, and proportionally less methyl THF, more formyl THF, more
methylene THF, and grew more rapidly than the cells expressing the C677 MTHFR. However,
the cells with 677T MTHFR were more chemosensitive to 5FU but less chemosensitive to MTX
treatment. Although we do not have specific chemotherapy information for each patient in this
study, based on data collected from a recent survey in Shanghai, over 84% of breast cancer
patients received 5FU and 39% MTX. Therefore, we would expect that in the study population,
patients who carry the 677TT genotype would be more sensitive to chemotherapy, in general,
and more likely to have better survival, if the chemotherapy dose is appropriate. This hypothesis
has been supported by one study conducted in colon cancer patients who received 5FU (12),
although there was no association between survival from colon cancer and the 677T allele in
another smaller study (18). Contrary to this hypothesis, we found that women with late-stage
disease and the TT genotype had poorer survival, particularly in the later years of follow-up,
possibly due to the chronic toxic effects of chemotherapy. In one report of 6 breast cancer
patients who received cyclophophamide, MTX, and 5FU and experienced grade IV toxicity, 5

had the 677TT genotype (19). Increased acute MTX toxicity has also been reported for TT



carriers with ovarian cancer (11), CML and bone marrow transplant (20), acute leukemia (9),
and rheumatoid arthritis (21). In a French-Canadian study of 201 children with acute
lymphoblastic leukemia, the presence of the 677T allele was associated with a higher probability
of relapse or death (22). Survival was even poorer if the individuals had both the 677T allele and
were homozygous for the triple repeat of the 5’UTR thymidylate synthase polymorphism, which

is associated with increased TS levels.

Although we knew that all women in this study received chemotherapy as part of their treatment
for breast cancer, specific chemotherapy data were not available. Because the type of
chemotherapy prescribed is unlikely to be related to MTHFR genotype, confounding effect is not
a concern for the study. However, if the survival differences associated with MTHFR
genotypes are modified by chemotherapy type, the lack of this type of data in our population
could have affected our results. In an on-going study of breast cancer survival in Shanghai, a
similar sample of 341 women were recruited during 2003. Over 84% of patients received 5FU
and 39% received MTX as part of their therapy. Specific regimens were as follows: CMF 32%,
31% CEF, and 1% AC. Because stage of disease (local vs. distant) is one of the most
important factors that determines the type of therapy received, we examined the effect of
genotype within stage. The results of this study suggest that there might be an interaction
between MTHFR genotype and chemotherapy, and this hypothesis will need to be tested in
future studies with both genotype and treatment information. Selection and survival biases were
minimized by the population-based design, high participation rate of the identified cases, and
high follow-up rate. Likewise there was also a high participation rate for DNA samples and
participation was not likely affected by genotype. We also cannot exclude chance as a reason

for our findings.



in summary, we found that the MTHFR 677 TT genotype was associated with poor long-term
survival for women with late-stage breast cancer, but did not affect survival from early-stage
disease. We did not find an association between MTHFR A1298C and breast cancer survival.
This is the first report of MTHFR genotype and breast cancer survival. The importance of folate-
pathway inhibiting drugs in adjuvant chemotherapy for breast cancer and the high prevalence of
the MTHFR genotypes have potential implications for the treatment of breast and other cancers
including adjustment of chemotherapy dose. These results are intriguing and warrant further

investigation in larger studies with specific data on chemotherapy courses.
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Table 1: Overall Survival by Selected Breast Cancer Prognosis Factors Among Breast Cancer Patients

All subjects® Subjects with MTHFR data
- . 5-year . 5-year
Characteristic at Subjects  No. of : Subjects  No. of ;
Baseline n (%) death rsalf[;\"(\ézl) P-value n (%) death falfg'(\{,zl) P-value
1366 222 84.2 1067 172 84.6
Age at Diagnosis
<42 322 (24) 52 85.2 263 (25) 44 84.9
42-46 338 (25) 40 88.3 268 (25) 29 89.4
47-52 345 (25) 61 824 267 (25) 48 824
53-64 361 (26) 69 814 0.06 269 (25) 51 81.8 0.05
Education
< Middle school 165 (12) 34 79.8 131 (12) 29 79.2
Middle school 587 (43) 95 83.9 474 (45) 75 845
>Middle school 614 (45) 92 85.7 0.18 462 (43) 68 86.3 0.14
TNM
0-1 335 (24) 21 94.0 266 (25) 17 94.2
i 790 (58) 112 86.3 622 (58) 87 86.6
- 161 (12) 68 58.3 123 (12) 51 59.4
Unknown 80 (06) 21 75.8 <0.0001 56 (5) 17 72.8 <0.0001
ER
Positive 622 (46) 95 85.3 487 (46) 75 85.5
Negative 360 (26) 59 83.8 279 (26) 41 85.8
Unknown 384 (28) 68 82.9 0.63 301 (28) 56 82.2 042
PR
Positive 613 (45) 91 85.5 492 (46) 75 854
Negative 354 (26) 61 83.0 266 (25) 39 85.9
Unknown 399 (29) 70 83.3 0.50 309 (29) 58 82.3 0.38

¢ Includes all women who had both surgery and chemotherapy as part of their initial breast cancer

treatment.
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Table 4. Risk of death among breast cancer patients associated with MTHFR polymorphisms
and TNM stage and according to duration of follow-up. Shanghai Breast Cancer Study, 1996-

2002.
TNM Stage 0-1| TNM Stage -1V
MTHFR No. of deaths/ o No. of deaths/
genotype all subjects HR (5% Cl) all subjects HR (85% Cl)
Overall risk of death
Ce77T°
CC 38/299 1.00 (Ref) 15/42 1.00 (Ref)
CT 49/426 0.88 (0.58-1.35) 21/56 1.44 (0.72-2.89)
TT 15/139 0.73 (0.40-1.33) 11/20 1.85 (0.82-4.19)
p for trend 0.30 0.13
A1298C3
AA 75/592 1.00 (Ref) 36/87 1.00 (Ref)
AC/CC 32/278 0.91 (0.60-1.38) 14/34 0.67 (0.35-1.27)
0.64 0.22
Risk of death within 1 year
Cce77T’
CC 3/299 1.00 (Ref) 2/42 1.00 (Ref)
CTaT 8/565 1.38 (0.36-5.20) 5/76 1.28 (0.25-6.70)
p for trend 0.64 0.77
A1298C?
AA 8/592 1.00 (Ref) 6/87 1.00 (Ref)
AC/CC 3/278 0.79 (0.21-2.98) 1/34 0.31 (0.04-2.67)
0.73 0.29
Risk of death after 1 year
Ce77T°
CcC 35/296 1.00 (Ref) 13/40 1.00 (Ref)
CT 45/422 0.88 (0.56-1.36) 16/51 1.35 (0.62-2.92)
TT 11/135 0.58 (0.29-1.14) 11/20 2.50 (1.07-5.85)
p for trend 0.13 0.04
A1298C?
AA 64/584 1.00 (Ref) 29/81 1.00 (Ref)
AC/CC 29/275 0.92 (0.59-1.43) 13/33 0.80 (0.40-1.59)
0.72 0.52

1 HR are adjusted for age and radiation and Tamoxifen therapies
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Figure 1. Kaplan-Meier estimates of overall survival from breast cancer by MTHFR C677T

genotype and TNM stage. Shanghai Breast Cancer Study, 1996-2002. Ps shown are from the
log-rank test.



